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Increasingly sophisticated quantum computers motivate the exploration of their abilities in certifying genuine
quantum phenomena. Here, we demonstrate the power of state-of-the-art IBM quantum computers in correlation
experiments inspired by quantum networks. Our experiments feature up to 12 qubits and require the implemen-
tation of paradigmatic Bell-State Measurements for scalable entanglement-swapping. First, we demonstrate
quantum communication advantages in up to nine-qubit systems while only assuming that the quantum com-
puter operates on qubits. Harvesting these communication advantages, we are able to certify 82 basis elements
as entangled in a 512-outcome measurement. Then, we relax the qubit assumption and consider quantum non-
locality in a scenario with multiple independent entangled states arranged in a star configuration. We report
quantum violations of source-independent Bell inequalities for up to ten qubits. Our results demonstrate the
ability of quantum computers to outperform classical limitations and certify scalable entangled measurements.
I. INTRODUCTION
Quantum computers have developed rapidly in recent years,
with remarkable improvements in control, quality and scale.
While the presently available quantum computers have been
used for realising many protocols and algorithms in quantum
theory, it is interesting and important to consider the ability
of such devices to realise predictions of quantum theory that
cannot be explained by any concievable classical model. A
hallmark example of genuine quantum predictions is the vio-
lation of Bell inequalities, which has been demonstrated i.a. in
a five-qubit transmon quantum computer [1] and a 14-qubit
ion-trap quantum computer [2].
The last decade has seen much attention directed at more
sophisticated correlation experiments performed in quantum
networks. These networks feature several parties that are
connected through a given topology which may feature en-
tangled states or quantum communication channels. Quan-
tum networks are increasingly becoming practically viable
[3, 4], they have impactful potential applications [5, 6] and
they raise new conceptual questions. The crucial conceptual
feature, which sets quantum networks apart from classical net-
works, is that initially independent entangled states distributed
within the network can become globally entangled via the
procedure of entanglement-swapping. Therefore, in contrast
to e.g. traditional Bell experiments, entangled measurements
(i.e. projections of several distinct qubits onto an entangled
basis) are indispensable to understanding and realising quan-
tum correlations in networks. In particular, the paradigmatic
Bell-State Measurement (BSM), known from quantum tele-
portation [7] and entanglement-swapping [8], is at the heart
of many schemes for quantum correlations in networks (see
e.g. [9–12]). For the simplest network, quantum nonlocal-
ity has recently been experimentally demonstrated on optical
platforms [13–15].
Here, we explore the ability of IBM quantum computers
to realise quantum correlations that both defy classical mod-
els and certify entangled operations in experiments that sim-
ulate quantum networks on a single device. We focus on two
qualitatively different networks. Firstly, we consider a task in
which entangled measurements are used to enhance commu-
nications beyond the limitations of classical protocols [16]. In
this task, N nodes share an N -qubit state and perform qubit
transformations of their shares which they then relay to a fi-
nal node that performs an N -qubit BSM (see Figure 1). The
magnitude of the quantum-over-classical communication ad-
vantage serves to certify the degree of entanglement present in
the measurement under the sole assumption that the quantum
computer operates on qubits. We report quantum advantages
forN = 2, . . . , 9 but fail to observe an advantage forN = 10.
Importantly, for N = 9, we can certify large-scale entan-
glement: our initially uncharacterised 512-outcome measure-
ment has at least 82 entangled basis elements. Secondly, we
consider the so-called star network in which a central node
separately shares entanglement with N initially independent
nodes (see Figure 2). By implementing an N -qubit BSM in
the central node, global entanglement can be established and
quantum nonlocality can be demonstrated by violating a net-
work Bell inequality [11]. We report quantum violations for
N = 2, 3, 4, 5 while for N = 6 we are unable to find a vi-
olation. Finally, we go beyond BSMs and consider correla-
tion experiments based on the recently proposed quantum El-
egant Joint Measurement [17]. We realise this two-qubit en-
tangled measurement and violate the bilocal Bell inequalities
of Ref. [18]. We also present a first realisation of a quantum
protocol in triangle-shaped configuration.
II. CERTIFICATION OF ENTANGLED MEASUREMENTS
IN COMMUNICATION NETWORK
Consider the communication network illustrated in Fig-
ure 1. An N -qubit state is distributed between N separate
nodes. Each node receives an independent input correspond-
ing to two bits xk, yk ∈ {0, 1}2, for k = 1, . . . , N , and
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2FIG. 1: Communication network. Independent nodes share an N -
qubit entangled state on which they perform qubit transformations.
The shares are communicated to a central node which deterministi-
cally accesses information about the collective inputs of the N other
nodes by performing anN -qubit BSM. This gives rise to a quantum-
over-classical communication advantage which enables a certifica-
tion of the degree of entanglement present in the measurement of the
central node.
implements a transformation of the incoming qubit. The
transformed qubits are then communicated to a central node
where they are collectively measured. The N -qubit mea-
surement has 2N possible outputs labelled by the bit-string
b ≡ b1 . . . bN ∈ {0, 1}N . In this network, the state, trans-
formations and measurement are uncharacterised up to an as-
sumption of a qubit Hilbert space. The task is for the cen-
tral node to recover knowledge about the input set {xk, yk}k.
Specifically, a successful information retrieval corresponds to
b1 =
N⊕
k=1
xk and bk = yk ⊕ y1, (1)
for k = 2, . . . , N . Thus, only one of the 2N possible out-
comes of the measurement is considered successful.
Quantum theory offers a solution to the task [16]. Let the
nodes share theN -qubit Greenberger-Horne-Zeilinger (GHZ)
state |GHZ〉 = 1√
2
(|0〉⊗N + |1〉⊗N) and each perform lo-
cal unitary operations corresponding to either 1 , σX , σZ or
σY (denoting the Pauli observables). The central node then
performs an N -qubit BSM, i.e. a projection onto a basis of
GHZ-like states
|Mb〉 = σb1Z ⊗ σb2X ⊗ . . .⊗ σbNX |GHZ〉, (2)
whose outcome is guaranteed to satisfy the winning condi-
tion (1). However, classical models that rely on the com-
munication of binary messages can still partially perform the
task. Denoting the average probability of satisfying all win-
ning conditions (1) by pwinN , the following limitations apply to
N: #qubits 2 3 4 5 6 7 8 9 10
Measured pwinN (%) 93.9 89.2 85.0 80.4 73.5 67.5 63.7 58.0 <
1
2
#certified entangled
basis elements
4 7 12 20 30 45 70 82 0
TABLE I: Results for N -qubit communication network experiments
on the ibmq_montreal quantum computer. For every N = 2, . . . , 9
we measure a better-than-classical success probability in the com-
munication task while for N = 10 we find no quantum advantage.
As the number of qubits increases, the magnitude of the quantum
advantage decreases. The number of certifiably entangled measure-
ment operators peaks at N = 9.
classical and restricted quantum models [16]:
pwinN
Classical≤ 1
2
At most m entangled
measurement operators≤ 1
2
(
1 +
m
2N
) Quantum
≤ 1. (3)
Thus, every pwinN > 1/2 constitutes a quantum-over-classical
advantage. Furthermore, the second inequality constitutes a
bound respected by every possible quantum protocol in which
the measurement in the central node has at most m entangled
basis elements. Therefore, the magnitude of the quantum ad-
vantage also determines a lower bound on the number of op-
erators in the measurement that are certified as entangled.
We have implemented the quantum protocol for N =
2, . . . , 10 with Qiskit [19] on the ibmq_montreal 27-qubit
quantum computer [20]. This computer was chosen due to
its comparatively high performance. It operates on supercon-
ducting transmon qubits located in a fridge with a temperature
of roughly 15 mK. For eachN we implement the 4N different
circuits corresponding to the different combinations of local
unitaries (see Appendix A 1 for an example). We realise the
GHZ-state and the BSM using a Hadamard gate followed by
several CNOT gates acting pairwise between the N qubits.
Since different qubits on the device are subject to different
gate errors, relaxation times and dephasing times, we have
strived to choose our N working qubits favourably and tai-
lored our circuits to have the CNOT gates acting on the better-
performing qubits.
The results1 of the experiments are presented in Table I. We
find a quantum-over-classical advantage for N = 2, . . . , 9 but
not2 for N = 10. For the simplest case (N = 2), we obtain
a large quantum advantage and certify all four basis elements
as entangled in the measurement of the central node. As ex-
pected, the quantum advantage decreases as N increases. In-
terestingly, however, the reduction is nearly linear (around five
percentage points for each subsequent N ) which attests to the
scalability of the operations. Despite the decreasing quantum
1 As also noted in previous works [1], we remark that the quantum computers
typically are not stable as the results of our experiments vary significantly
in time on otherwise identical implementations.
2 The experiment for N = 10 has over a million circuits and took approxi-
mately three days to perform. Therefore, we could not repeat it many times
in search of a large pwinN . For N < 10, we considered several different
qubit architectures and repeated the experiments many times.
3FIG. 2: Star network. A central node independently shares five pairs
of entangled qubits with separate nodes. By performing a BSM on
five qubits, the central node renders the five initially independent
nodes in a globally entangled state. With suitable local measure-
ments, the correlations in the network become nonlocal.
advantage, we can report increasingly expansive entanglement
certification: the most sizable entanglement is certified for
N = 9. In this case, our initially uncharacterised nine-qubit
measurement has 512 possible outcomes. Via Eq. (3), we can
certify that at least 82 measurement operators must be entan-
gled.
We note that the total number of shots required for a sta-
tistically significant estimate of pwinN is roughly constant in N
due to the fact that the winning probability theoretically is in-
dependent of N . Therefore, each circuit was implemented in
24576 shots (N = 2), 8192 shots (N = 3, 4), 1024 shots
(N = 5), 128 shots (N = 6), 32 shots (N = 7, 8), 16 shots
(N = 9) and 8 shots (N = 10). This leads to a standard devi-
ation (statistical error) no larger than 10−3 in the estimate of
pwinN for N < 10 (see Appendix B 1 for details).
Furthermore, in Appendix C 1 we re-examine our results af-
ter applying measurement error-mitigatigation, which allows
us to amplify the measured value of pwinN .
III. STAR NETWORK NONLOCALITY
We proceed to consider a network of the type illustrated in
Figure 2. A central node, B, is connected to N other nodes,
A1, . . . , AN , through independent sources emitting pairs of
particles. The branch-nodes each have independent binary in-
puts x¯ ≡ x1, . . . , xN ∈ {0, 1} and produce binary outputs
a¯ ≡ a1, . . . , aN ∈ {0, 1} while the central node has a fixed
setting and produces an output b ≡ b1 . . . bN ∈ {0, 1}N that
can take 2N different values. The probability distribution in
the network is written p(a¯, b|x¯). It is said to admit a local
model, that respects the independence of the N sources, if it
N: #branches in network 2 3 4 5 6
Measured SN 1.165 1.124 1.086 1.062 0.983
KL-divergence 4.1 e-6 1.3 e-3 2.8 e-4 2.5 e-3 1.7 e-3
TABLE II: Results for N -branch star network nonlocality exper-
iments on the ibmq_almaden quantum computer. The source-
independent local bound is violated for N = 2, 3, 4, 5 but not for
N = 6. With increasing number of qubits (2N qubits in the net-
work), the magnitude of the violation decreases. The Kullback-
Leibler divergence, employed to estimate the accuracy of the source
independence assumption, remains small even at large N .
can be written in the form
p(a¯, b|x¯) =
∫
dλ¯
(
N∏
i=1
qi(λi)p(ai|xi, λi)
)
p(b|λ¯), (4)
where λi is the local variable associated to the i’th source, qi
is its probability density and λ¯ = (λ1, . . . , λN ). Ref. [11] in-
troduced Bell inequalities respected by all source-independent
local models:
SN ≡ 1
2N−2
2N−1∑
j=1
|Ij |1/N ≤ 1, (5)
where I1, . . . , I2N−1 are suitable linear combinations of
p(a¯, b|x¯). See Appendix D for further details on the inequal-
ities. A quantum violation of (5) is possible if each source
distributes a maximally entangled two-qubit state |ψ〉 =
|00〉+|11〉√
2
, the branch-nodes A1, . . . , AN measure the observ-
ables σX+σY√
2
and σX−σY√
2
and the central node performs the
N -qubit BSM (2). This leads to the quantum violation SN =√
2 for every N .
We have implemented this quantum protocol with Qiskit
[19] on the ibmq_almaden 20-qubit quantum computer 3 [20]
for star networks withN = 2, 3, 4, 5, 6. For eachN we imple-
ment the 2N different circuits corresponding to the different
combinations of local measurements (see Appendix A 2 for an
example). The results of the experiments are presented in Ta-
ble II. We find a quantum violation of the source-independent
local bound for N = 2, 3, 4, 5 but fail to observe a violation
for N = 6. For the simplest case (N = 2), the quantum vi-
olation is already far from the theoretical maximum of
√
2,
which attests to the demanding nature of falsifying source-
independent local models. However, the relatively small de-
crease in the violation magnitude for each subsequent N at-
tests to the scalability of the experiment. For each circuit we
have implemented approximately 1.2× 105 shots (N = 2, 3),
2 × 105 shots (N = 4, 5) and 4.9 × 106 shots (N = 6). The
standard deviation associated to the statistical fluctuations for
3 We also implemented the experiments on other IBM devices but focused
on the Almaden device due to its favourable qubit architecture, the good
results and the fact that it supports the experiment for N = 2, 3, 4, 5, 6.
4SN for N = 2, . . . , 6 are in all cases smaller than 2 × 10−3
(see Appendix B 2).
Moreover, in our proof-of-principle demonstration, the
sources are not perfectly independent, e.g. due to cross
talk [21–23]. We have estimated the degree of source-
independence in our experiments by evaluating the worst-
case Kullback-Leibler (KL) divergence (i.e. the relative en-
tropy, maximised over all settings x¯) between the marginal
distribution p(a¯|x¯) and would-be marginal distribution had
the sources been perfectly independent;
∏N
i=1 p(ai|x¯). In Ta-
ble II, we see that the worst-case KL-divergence is nearly van-
ishing for N = 2 and remains low also for larger N .
Finally, in Appendix C 2, we re-examine the results of our
experiments after applying error-mitigating post-processing to
the measured probabilities.
IV. BEYOND THE BELL-STATE MEASUREMENT
While our main focus has been on Bell-State Measure-
ments, there has recently been a proposal of another natu-
ral, yet qualitatively different, entanglement-swapping mea-
surement that has a high degree of symmetry. This so-called
Elegant Joint Measurement (EJM) [17], which projects two
qubits in a basis of partially entangled states with a tetrahe-
dral symmetry, has been placed at the heart of several proto-
cols for quantum networks. For instance, Ref. [18] considered
the simplest star network (N = 2) and proposed a source-
independent Bell inequality tailored to be violated with the
EJM performed in the central node. This test of quantum cor-
relations is conceptually different and practically more chal-
lenging than the previously considered scenario based on the
BSM: the quantum correlations are significantly more frag-
ile to imperfections and the circuit implementation of the
EJM requires more entangling gates. We have implemented
the N = 2 star network experiment of Ref. [18] on the
ibmq_manhattan 65-qubit quantum computer and obtained a
small, yet significant, violation4 of the source-independent lo-
cal bound (see Appendix E for details). This constitutes the
first realisation of the EJM and quantum correlations based on
its implementation.
Furthermore, it is conjectured that the EJM can reveal quan-
tum correlations also in a triangle-shaped network [17]. In this
network, three parties pairwise share entangled states and each
perform the EJM on the two independent qubits at their dis-
posal. We have realised this quantum protocol and we present
the results in Appendix E. However, there presently exists no
criterion for determining whether our measured correlations
can be simulated in a source-independent local model. Deter-
mining whether our measured correlations elude all source-
independent local models is left as an open problem.
4 We were unable to demonstrate a violation of the inequality of Ref. [18]
using the other available IBM devices.
V. CONCLUSIONS
We have reported demonstrations of quantum predictions
that defy general classical models in scalable experiments fea-
turing up to ten qubits in which the central component is the
implementation of sophisticated entangled measurements of
many qubits. Our experiments mirror the conditions encoun-
tered in quantum networks, but are rightfully viewed as sim-
ulations of networks since all physical qubits are confined to
a single IBM quantum processor. Our results demonstrate the
power and scalability of these state-of-the-art devices, most
notably allowing for the certification of a nine-qubit measure-
ment with 82 entangled basis elements. They also offer an av-
enue for asserting the quality of a quantum computer based on
whether (and to what extent) it can generate quantum correla-
tions that elude classical models. Finally, our results also in-
dicate the prospects for real-life local area quantum networks
based on transmon quantum computers in which physical dis-
tances can be mediated by microwave photons [24–28]. This
would be an interesting endeavour for future research.
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6Appendix A: Circuits and layout
In Figure 3 provides the mathematical description of all gates that appear in the circuit diagrams (below) describing our
experiments.
FIG. 3: Legend providing the matrix description of the different gates used in our experiments.
1. Communication network experiment
FIG. 4: Connectivity map of the ibmq_montreal device. An 8-qubit GHZ-state is created on the blue nodes, followed by local unitaries and a
BSM.
In Fig. 4 the connectivity map of the ibmq_montreal device is displayed. This device was chosen for the communication
network experiment because of its comparatively small readout and two-qubit gate errors. The particular colouring corresponds
to the case of a communication network involving eight qubits. One exemplifying circuit, corresponding to a particular choice
of settings {xk, yk}Nk=1, is shown in Fig. 5.
2. Star network experiment
In Figure 6 the connectivity map of the ibmq_almaden device is displayed. This device was chosen for the star network
experiment because of its good connectivity which allowed each of the qubits that belonged to the “central node” to be connected
7FIG. 5: Circuit implementing the communication network experiment for N = 8 qubits with the setup x = (00011001), y = (10100101).
The Hadamard gate and the CNOT gates constitute the creation of a GHZ-state in the beginning and the BSM in the end, respectively, while
the X and Z gates are the operations corresponding to the bits {xk}Nk=1 and {yk}Nk=1, respectively.
FIG. 6: Connectivity map of the ibmq_almaden device. The red arrows indicate the four separate maximally entangled qubit pairs. The blue
qubits are held by the central node while the green ones represent the independent branch-nodes. This colouring corresponds to N = 4.
to an additional “branch-qubit”. The particular colouring displayed in the figure corresponds to the case of four sources in the
network. One exemplifying circuit, corresponding to a particular choice of settings x¯, is shown in Fig. 7.
8FIG. 7: Circuit implementing the star network experiment for N = 4 with the inputs x1 = x4 = 0 and x2 = x3 = 1. We start by creating
the maximally entangled state |ψ〉 = |00〉+|11〉√
2
on each of the qubit pairs (q9, q8), (q4, q3), (q12, q7), (q1, q2) by applying a Hadamard gate
followed by a CNOT gate. According to x we then apply either a T -gate or a T †-gate to each of the branch qubits {q9, q4, q12, q1} to measure
in the desired basis, while on the central node qubits {q8, q3, q7, q2} we perform a BSM.
3. Bilocality experiment
FIG. 8: Connectivity map of the ibmq_manhattan device. The red arrows indicate the two separate maximally entangled qubit pairs. The blue
qubits are held by the central node while the green ones represent the two independent branch-nodes.
In Fig. 8 the connectivity map of the ibmq_manhattan device is displayed. This new device was chosen for the bilocality
experiment because of its small readout and two-qubit gate errors. The particular colouring corresponds to the four qubits that
were used in this experiment. One exemplifying circuit, corresponding to a particular choice of settings {xk, yk}Nk=1, is shown
in Fig. 9.
9FIG. 9: Circuit implementing the bilocality experiment on 4 qubits with the setup x = 1, z = 2. We start by creating the maximally entangled
singlet state |ψ〉 = |01〉−|10〉√
2
on both qubit pairs (q47, q53) and (q60, q59) by applying an X-gate and a Hadamard gate followed by a CNOT
gate and another X-gate on the second qubit. According to x and z, we then apply an H-gate on q47 and both, an S†-gate and an H-gate
on q59 to measure in the desired bases, while on the central node qubits {q53, q60} we conduct an EJM. Note, that the measurements are all
conducted at the same time, even though this circuit might suggest otherwise.
Appendix B: Statistical errors
We analyse the statistical errors in the star network experiment, the communication network experiment and the EJM bilo-
cality experiment using a multinomial distribution. This is a direct generalisation of the binomial distribution: we consider m
independent trials, each of which result in exactly one of k different possible outcomes. The success probability of each outcome
(p1, . . . , pk) is given by the relative frequencies measured in the experiments. For such a distribution, the expected number of
trials with outcome o ∈ {1, . . . , k} is given by Eo = mpo and the corresponding variance is σ2o = mpo(1 − po). Thus, the
standard deviation associated to a measured probability becomes
σo =
√
po(1− po)
m
. (B1)
1. Communication network experiment
For the communication network, the final statistical error on pwinN admits a simple form, as we can directly propagate the
independent event errors to the final winning probability pwinN ,
σ2pwinN
=
1
16N
∑
x,y ∈{0,1}N
σo(b|x, y)2 (B2)
=
1
16Nm
∑
x,y ∈{0,1}N
p(b|x, y)(1− p(b|x, y)). (B3)
Note that as here we are only interested in one “winning element" for each setting, we only take one b into account, so
b = b(x, y) is a function of x and y.
This leads to the standard deviations as depicted in table III.
N: #qubits 2 3 4 5 6 7 8 9
Measured pwinN (%) 93.9 89.2 85.0 80.4 73.5 67.5 63.7 58.0
Standard deviation 3.8 e-4 4.3 e-4 2.5 e-4 3.9 e-4 6.0 e-4 6.3 e-4 3.2 e-4 2.3 e-4
TABLE III: Standard deviations for the N -qubit communication network experiments on the ibmq_montreal quantum computer.
2. Star network experiment
In the star network experiment, these errors on the individually measured probabilities were propagated to SN via standard
procedure. First, we need to consider the error propagated to the different Ij . Even though we assume independent errors on the
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statistics, the errors on Ij can be correlated, which is why we need to consider the full variance-covariance matrix Σ,
ΣI =

σI11 σ
I
12 σ
I
13 ...
σI12 σ
I
22 σ
I
23 ...
σI13 σ
I
23 σ
I
33 ...
... ... ... ...
 , (B4)
with
σIij =
1
4N
∑
x¯,a¯,b
(−1)fi(b)+fj(b)+gi(x¯)+gj(x¯)σo(a¯, b|x¯)2, (B5)
=
1
4Nm
∑
x¯,a¯,b
(−1)fi(b)+fj(b)+gi(x¯)+gj(x¯)p(a¯, b|x¯)(1− p(a¯, b|x¯)), (B6)
which for the case i = j simplifies to
σ2I := σii =
1
4Nm
∑
x¯,a¯,b
p(a¯, b|x¯)(1− p(a¯, b|x¯)). (B7)
In a second step we propagate the errors of the different Ij to SN ,
σ2SN =
1
N24N−2
2N−1∑
i,j=1
|Ii|1/N−1|Ij |1/N−1σIij (B8)
=
1
N24N−2
2N−1∑
j=1
|Ij |2/N−2σ2I + 2∑
i<j
|Ii|1/N−1|Ij |1/N−1σIij
 . (B9)
Note that the second term is negligible due to the alternating signs of σIij .
The standard deviations are depicted in table IV.
N: #branches in network 2 3 4 5 6
Measured SN 1.165 1.124 1.086 1.062 0.983
Standard deviation 1.7 e-3 1.1 e-3 6.1 e-4 5.1 e-4 3.7 e-4
TABLE IV: Standard deviations for N -branch star network nonlocality experiments on the ibmq_almaden quantum computer.
The reason the standard deviation is decreasing with increasing N in our experiments is that we increased the number of trials
m.
Appendix C: Measurement error mitigation
While the present noise is a consequence of various kinds of errors, one of the most dominant factors is the noise due to
readout errors. To account for those, we can post-process the data by applying measurement error mitigation. We note, however,
that such a procedure is against the general spirit of quantum certification and quantum nonlocality experiments. By successively
preparing and measuring all 2N basis states, the transition probabilities of all basis states can be computed and captured in a
calibration matrix. Given this calibration matrix a measurement filter can be created that can then be applied to the measurement
statistics to mitigate the error. There are two different methods using Qiskit [19] to create such a measurement filter:
(i) The “pseudo-inverse" method which corresponds to the application of the pseudo-inverse of the calibration matrix.
(ii) The “least-squares" method, where Sequential Least Squares Programming ( “SLSQP") is used to find some mitigated data
such that when the calibration matrix is applied it minimizes the difference to the raw data.
11
While (i) is faster to calculate, it can result in negative probabilities, which makes it less physical. (ii) on the other hand will
always lead to physical probabilities, but the optimization can take quite long for a large number of qubits.
Note, that here the calibration matrices were not prepared on the same day as the actual experiments were performed.
As the errors fluctuate in general non-negligible over time, a more accurate calibration matrix and therefore possibly even better
mitigated results could be achieved if this was the case.
1. Communication network experiment
Due to computational limitations, we were only able to apply the measurement error mitigation method (ii) for up to N = 8.
The results are presented in Table V. For the case N = 8 we are able to certify 152 entangled operators using the mitigated data.
N: #qubits 2 3 4 5 6 7 8 9
Measured pwinN (%) 93.9 89.2 85.0 80.4 73.5 67.5 63.7 58.0
#certified entangled
basis elements
4 7 12 20 30 45 70 82
Meas. error mitigated pwinN (least-squares) 98.7 98.0 95.8 93.3 88.3 83.8 79.6 -
#certified entangled
basis elements
4 8 15 28 49 87 152 -
TABLE V: Mitigated results for N -qubit communication network experiments on the ibmq_montreal quantum computer.
2. Star network experiment
As we only managed to apply method (ii) for up to N = 5 due to computational limitations, we have also applied method
(i) for all N . In Table VI we present the different results. While the pseudo-inverse seems to yield better results in general, we
would like to stress again that the mitigated probability distribution can contain negative values and is therefore less physical, so
the results have to be watched with care.
N: #branches in network 2 3 4 5 6
Measured SN 1.165 1.124 1.086 1.062 0.984
Meas. error mitigated SN (least-squares) 1.408 1.339 1.343 1.297 -
Meas. error mitigated SN (pseudo-inverse) 1.438 1.340 1.453 1.322 1.174
TABLE VI: Mitigated results for an N -branch star network nonlocality experiment on the ibmq_almaden quantum computer.
Appendix D: Details on the source-independent Bell inequalities of [11]
Here we detail the Bell inequalities for the star network, originally derived in [11], investigated in the main text. The inequal-
ities read
SN ≡ 1
2N−2
2N−1∑
j=1
|Ij |1/N ≤ 1. (D1)
Here, I1, . . . , I2N−1 are linear combinations of correlators that involve all nodes in the network. These correlators are defined as
〈Ax11 . . . AxNN Bj〉 =
∑
a1,...,aN
b1,...,bN
(−1)fj(b)+
∑N
i=1 aip(a¯, b|x¯), (D2)
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where fj(b) maps the N -bit string b into a single bit. Then, the Ijs are obtained from
Ij =
1
2N
∑
x¯
(−1)gj(x¯)〈Ax11 . . . AxNN Bj〉, (D3)
where gj(x¯) is a bit-valued function of the N -bit string x¯. Thus, the inequality (D1) requires us to specify the maps {fj(b)}j
and {gj(x¯)}j . We now list these functions for N = 2, 3, 4, from which the extension the larger N becomes clear.
For N = 2, we have
f1 = b1, f2 = b1 ⊕ b2 ⊕ 1, g1 = 0, g2 = x1 ⊕ x2. (D4)
For N = 3, we have
f1 = b1, f2 = b1 ⊕ b2 ⊕ 1, f3 = b1 ⊕ b3 ⊕ 1, f4 = b1 ⊕ b2 ⊕ b3 ⊕ 1 (D5)
g1 = 0, g2 = x1 ⊕ x2, g3 = x1 ⊕ x3, g4 = x2 ⊕ x3. (D6)
For N = 4, we have
f1 = b1, f2 = b1 ⊕ b2 ⊕ 1, f3 = b1 ⊕ b3 ⊕ 1, f4 = b1 ⊕ b4 ⊕ 1, (D7)
f5 = b1 ⊕ b2 ⊕ b3 ⊕ 1, f6 = b1 ⊕ b2 ⊕ b4 ⊕ 1, f5 = b1 ⊕ b3 ⊕ b4 ⊕ 1, f5 = b1 ⊕ b2 ⊕ b3 ⊕ b4 (D8)
g1 = 0, g2 = x1 ⊕ x2, g3 = x1 ⊕ x3, g4 = x1 ⊕ x4, (D9)
g5 = x2 ⊕ x3, g6 = x2 ⊕ x4, g7 = x3 ⊕ x4, g8 = x1 ⊕ x2 ⊕ x3 ⊕ x4. (D10)
From the above, it is straightforward to extend the list also for larger values of N . See the original reference [11] for futher
details.
Appendix E: Experiments based on the Elegant Joint Measurement
The Elegant Joint Measurement (EJM) is a two-qubit measurement that projects onto a basis of partially (but equally) en-
tangled states subject to a tetrahedral symmetry. The measurement was originally introduced in the context of revealing
quantum nonlocality in networks [17]. In Ref. [18], it was shown that this measurement can be implemented as a simple
circuit. It uses Hadamard gates H = 1√
2
∑
i,j=0,1(−1)ij |i〉〈j|, phase gates R = |0〉〈0| + i|1〉〈1|, controlled phase gates
CR = |0〉〈0| ⊗ 1 + |1〉〈1| ⊗R and controlled not gates CX = |0〉〈0| ⊗ 1 + |1〉〈1| ⊗ σX in the following configuration:
|EJMk〉 = CX(H ⊗ 1 )CR(R⊗R)(H ⊗H)|k1k2〉, (E1)
for k ≡ k1k2 ∈ {0, 1}2. In what follows, we implement this circuit in the context of two experiments: a test of the bilocal Bell
inequalities of Ref. [18] and a test of the quantum triangle network discussed in Ref. [17].
1. The bilocal scenario
The bilocal scenario is the simplest star network (that corresponding to N = 2), i.e., it features three nodes in a line con-
figuration where the first and second as well as the second and third are connected. The two branch-nodes each receive in-
puts x, z ∈ {1, 2, 3}, respectively, which determine the bases in which they perform their measurements, while the central
node performs always the same measurement. They obtain outputs a, c ∈ {1, 2} and b ∈ {1, 2, 3, 4}, respectively. From
the resulting conditional probability distribution p(a, b, c|x, z), one can then determine the conditional single-party correlators
EAb (x) :=
1
3
∑
a,c,z a p(a, c|b, x, z) and ECb (z) := 13
∑
a,c,x c p(a, c|b, x, z) as well as the conditional two-party correla-
tor EAb (x, z) :=
∑
a,c ac p(a, c|b, x, z). Denote the four vertices of a tetrahedron by the coordinates ~m1 = (+1,+1,+1),
~m2 = (+1,−1,−1), ~m3 = (−1,+1,−1), ~m4 = (−1,−1,+1) and define mkb as the kth element of ~mb. Ref. [18] introduced
the bilocal Bell inequality
B :=
∑
x,b
√
p(b)(1−mxbEAb (x)) +
∑
z,b
√
p(b)(1 +mzbE
C
b (z)) +
∑
x 6=z,b
√
p(b)(1−mxbmzbEACb (x, z))
≤ 12
√
3 + 2
√
15 ≈ 28.531. (E2)
In the quantum setup the two sources each distribute singlet states |ψ−〉 = |01〉−|10〉√
2
, the central node performs the EJM and the
two branch-nodes perform the measurements σX , σY , σZ . Theoretically this gives the violation B = 12
√
6 ≈ 29.39. Running
the experiment with 3.3 × 105 shots per setup on the ibmq_manhattan device, the resulting probability distribution yields the
value B′ = 28.648± 0.008. This constitutes a small but statistically significant violation of the bilocal bound.
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2. Quantum triangle-network
FIG. 10: Triangle network. Three nodes pairwise share pairs of entangled qubits and each perform the Elegant Joint Measurement on their
respective qubit pair.
We proceed to consider a network featuring three nodes that are pairwise connected (see Figure 10). Each node performs a
single measurement and obtains an output a, b, c ∈ {1, 2, 3, 4} respectively. The resulting probability distribution has a local
model that respects the independence of the three sources if it can be written as
p(a, b, c) =
∫
dαdβdγpA(a|β, γ)pB(b|α, γ)pC(c|α, β), (E3)
where (α, β, γ) are local variables. While it is known that there exists quantum correlations that do not admit the above form
[29], no noise-robust examples are presently known. It is, however, conjectured that noise-robust quantum correlations are
obtained if all three sources emit a singlet state |ψ−〉 = |01〉−|10〉√
2
and all three nodes perform the EJM.
The corresponding probability distribution in the network is fully described by three cases:
i) when all outcomes are equal we have p(r, r, r) = 25256 for r = 1, 2, 3, 4,
ii) when precisely two outcomes are equal we have p(r, r, s) = 1256 for all r 6= s (including permutations of the labels),
iii) when all outcomes are different we have p(r, s, t) = 5256 for all r 6= s 6= t 6= r.
Even though there is presently no Bell inequality known for certifying the nonlocality of this distribution, we conducted the
experiment on the ibmq_montreal 27-qubit device and the ibmq_johannesburg 20-qubit device. The corresponding circuit is
shown in Figure 11.
The two experimentally obtained probability distributions as well as the theoretical one are shown in Figure 12. While the
four peaks for a = b = c are quite distinguishable, the noise prevents us from always clearly identifying the cases of two and
three different outcomes. The coupling map of the Johannesburg device was better suited as we could perform the experiment
on a ring of six qubits, while on the Montreal device we had to choose six qubits on a ring of twelve qubits (see Figure 13).
Nevertheless, as the error rates on the Montreal device are smaller, the KL-divergences between the experimental and theoretical
distributions are very similar with 0.272 for the resulting distribution of the Johannesburg device and 0.277 for the one of the
Montreal device.
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FIG. 11: Circuit implementing the quantum triangle-network experiment on six qubits. In a first step, the maximally entangled singlet-state
|ψ〉 = |01〉−|10〉√
2
is created on each of the qubit pairs (q1, q2), (q3, q4), (q5, q6), while in a second step, an EJM is performed on each of the
qubit pairs (q0, q1), (q2, q3), (q4, q5). See Fig. 13 for the actually used qubits.
FIG. 12: Histogram of the probability distribution of the quantum triangle-network. The green distribution corresponds to the theoreti-
cal prediction, while the purple and orange correspond to the outcomes of experiments conducted on the ibmq_montreal device and the
ibmq_johannesburg device, respectively.
FIG. 13: Connectivity maps of the devices ibmq_johannesburg and ibmq_montreal, respectively. While the red connections link the qubits
that share a maximally entangled state, the purple connections link the qubits on which the EJM is performed.
